of evaluating sperm plasma membrane integrity after thawing.
Marks of cryodamage may be clearly visible on the sperm plasma membrane as defects and swellings (Bakst & Sexton, 1979; Zhang, Ping, & Yang, 2012) .
About 40%-50% of sperm population does not survive cryopreservation even with optimized protocols (Watson, 2000) . In surviving sperm, non-lethal modifications occur that reduced their lifespan and fertility, among them sublethal alterations of the membranes (Tapia et al., 2012) . When comparisons are made on the basis of similar numbers of viable thawed spermatozoa, results are still generally poorer than those obtained with fresh semen, indicating that even the viable subpopulation after cryopreservation is compromised (Watson, 2000) . Therefore, in vitro evaluation of sperm viability does not necessarily correlate with in vivo fertility (Donoghue & Wishart, 2000) .
Fertilization ability of avian sperm after freezing/thawing is reduced, and relative fertilization rates remain highly variable (Blesbois, 2011) . Mocé, Grasseau, and Blesbois (2010) have pointed out that acrosome damage or inability of acrosome reaction may affect the fertilization capacity of sperm cells. Acrosome reaction is a process by which acrosomal enzymes are released allowing sperm to penetrate egg cell. This step is critical for fertilization process.
Acrosome function in chicken sperm is usually detected by spermegg penetration assay to demonstrate the number of sperm that pass through the oviduct and hydrolysing the ova perivitelline layer or by the in vitro acrosome reaction technique (Abouelezz, Sayed, & Santiago-Moreno, 2017; Lemoine, Mignon-Grasteau, Grasseau, Magistrini, & Blesbois, 2011; Mocé et al., 2010) . Electron microscopy allows direct evaluation of appearance and damage of acrosome and plasma membrane.
The aim of our study was to evaluate the appearance of plasma membrane and acrosome in chicken sperm frozen using different nonpermeating cryoprotectants (N-CPAs). The sperm were evaluated using electron microscope to directly inspect the membrane and acrosome appearance. Also, for comparison of different method of evaluation, a fluorescence staining for detection of the membrane integrity, apoptotic changes and viability (Annexin V, Yo-PRO-1, PI) was done.
| MATERIAL S AND ME THODS

| Animals
Twelve sexually mature males of Ross PM3 heavy line (12-18 months) kept at a private breeding facility were used in our study. All chickens were housed in individual cages, maintained under an artificial photoperiod (14 hr of light at 10 lux and 10 hr of dark) and were fed a commercial standard diet (TEKRO Nitra, s.r.o., Slovakia) with water given ad libitum. The experiments have been carried out in accordance with The Code of Ethics of the EU Directive 2010/63/EU for animal experiments.
| Chemicals
Unless stated otherwise, all chemicals were purchased from SigmaAldrich (Germany).
| Experimental design
Semen was collected three times a week by dorso-abdominal massage and pooled to avoid inter-male differences. Each semen pool After dilution, the semen was loaded into 0.25-mL plastic straws and equilibrated during 45-min incubation at 5°C. Then, the straws were frozen by exposure to liquid nitrogen vapours (5 cm above) for 15 min and plunged into liquid nitrogen for storage. Three days later, frozen samples were thawed by immersing the straws into a water bath at 5°C for 2 min. Sperm viability and ultrastructure in both fresh and frozen-thawed semen samples were determined in duplicates. From each group, the sperm, which were cut through the front part of the head, with visible acrosome, perforatorium (P) and part of the nucleoplasm (N), were evaluated (n = 400). Randomly selected view fields were evaluated on multiple meshes with ultrathin section.
| Ultrastructure analysis
The sperm with visible morphological abnormalities were excluded from the evaluation. According to the state of the plasma membrane, the sperm were classified into three classes of quality. The first quality class included sperm with intact plasma membrane in the acrosome area and in the post-acrosomal region or with a slightly waved membranes present only in the post-acrosomal region ( Figure 1 ). In the second quality class, the sperm was characteristic with a waving both in the acrosome and the post-acrosomal region ( Figure 2 ).
The third quality class included sperm with a significantly disturbed and damaged plasma membrane, locally or totally detached from the sperm head. The sperm exhibited distension or partial loss of the plasmalemma ( Figure 3 ). In addition to the plasma membrane status, F I G U R E 2 Distribution of evaluated sperm to the quality classes according to the plasma membrane status in groups frozen using different cryoprotective agents. First quality class (I) included sperm with intact plasma membrane in the acrosome area and in the post-acrosomal region or with a slightly waved membranes present only in the post-acrosomal region. In the second quality class (II), the sperm was with a waving both in the acrosome and the post-acrosomal region. The third quality class (III) included sperm with a significantly disturbed and damaged plasma membrane, locally or totally detached from the sperm head. Distribution of sperm to the quality classes differ significantly among groups (p < 0.05).
F I G U R E 3
Rooster sperm head with slightly shifted acrosome and detached acrosome. Damage of the plasma membrane of the frozen sperm head (sperm from III class quality) has often been associated with a disorder of the acrosome-sperm head junction. In part of the spermatozoa, a slight shift and decomposition (arrow) of the acrosome from the perforatorium were observed (a). In most of the frozen sperm, serious disruption in the acrosome-sperm head junction was observed. Acrosomes were detached, and the perforatorium remained completely uncovered (b, arrow); lost acrosomes (c, arrow) were frequently observed. In some sperm, only lightening of a matter around the perforatorium was observed (d).
(a) (b) (c) (d)
the perforatorium, matter around the perforatorium and the appearance or absence of the acrosome were examined.
| Fluorescence analysis
Plasma membrane destabilization, apoptosis and necrosis of fresh and frozen-thawed sperm were evaluated using Annexin V-Fluos, Yo-PRO-1 and propidium iodide (PI), respectively. Semen samples (3 × 10 6 sperm) were washed in a binding buffer (Annexin V; supplied with a kit) or in phosphate-buffered saline (PBS; Yo-PRO-1/PI staining) and centrifuged at 500 g for 6 min. The semen pellet was resus- 
| Statistical analysis
| RE SULTS
In fresh sperm samples (FRESH group), 87% of sperm were classified as quality I a membrane without changes in the acrosome area and only a slightly waved plasma membrane in the post-acrosomal region. Only 8% of the sperm exhibited a corrugation or disruption of the plasma membrane in the acrosome area (grade II) and 5% of the sperm had seriously damaged membranes with their detaching from the sperm head and mechanical failure (grade III; Figure 2 ).
Freezing process significantly worsened the status of the sperm plasma membrane (Figure 2 ). In all frozen groups, only about a quarter of the evaluated sperm (25%, 26% and 27% of KEG, KEG-GLY and KEG-TRE, respectively) were graded as the I quality class.
The KEG and KEG-GLY groups had 26% and 22% of the evaluated sperm slightly damaged (II class), but about half (49% and 52%, respectively) presented severe plasma membrane damages (III class).
Significantly different was the distribution of sperm to the quality classes in the frozen group with the addition of trehalose, where 51% fell to the II and only 22% of sperm to the III quality classes. Our results showed that addition of trehalose to cryopreservation media had beneficial effect on plasma membrane status (Figure 2 ).
Significant damage of the plasma membrane of the frozen sperm (sperm from III class quality) has often been associated with the disjunction of the acrosome. In part of the spermatozoa, only the loss of substance surrounding the perforatorium (Figure 1c )was observed, sometime with a slight shift and decomposition of the acrosome from the perforatorium (Figure 3a ). This phenomenon was not observed in the control group (FRESH), but was present in around 20%
of the seriously impaired (III class) frozen sperm (20%, 26% and 20%
for KEG, KEG-GLY and KEG-TRE, respectively). In most of the sperm, there was an even more serious disruption in the acrosome-sperm head junction. Acrosomes were detached, and the perforatorium remained completely uncovered (Figure 3b ) in 74% and 57% of sperm from the III class in the KEG and KEG-GLY groups (Figure 4) . To a lesser extent, the acrosomes of the KEG-TRE group sperm (30% of the III class sperm) were lost (Figure 4) . A certain degree of "lightening" or the loss of the matter from the periphery of the perforatorium was also observed in groups of sperm characterized by only F I G U R E 4 Distribution of evaluated sperm with severe plasma membrane damages (III class) according to acrosome-sperm head junction disorders. Significant damage of the plasma membrane in the acrosome part of the frozen sperm head (sperm from III class quality) has often been associated with the disjunction of the acrosome. In part of the spermatozoa, a slight shift and decomposition of the acrosome from the perforatorium were observed. In the worst case, an acrosome was detached and the perforatorium remained completely uncovered. Distribution of sperm to the classes according to the sperm head-acrosome disjunction differs significantly among differently treated groups (p < 0.05).
slight membrane disruption (Figure 3d ; in II class quality 33%, 38%
and 43% for KEG, KEG-GLY and KEG-TRE groups, respectively).
Fluorescence analysis showed a decrease (p < 0.05) in the percentage of apoptotic sperm (Yo-PRO-1) in the KEG-GLY group when compared to other treatments. No significant differences were observed in the percentage of necrotic (PI) and Annexin V-positive sperm among the treatments (Table. 1 ).
| D ISCUSS I ON
Sperm plasma membrane plays a pivotal role during sperm cryopreservation. Sperm freezability (including resistance to osmotic stress and sperm membrane fluidity) is related to specific features such as the composition of sperm membrane and variations in its cholesterol/phospholipids content (Blesbois et al., 2005 .
We observed damages of the sperm plasma membrane visible under an electron microscope. Electron microscopy evaluation of the membrane and acrosome integrity of different mammalian species sperm was previously used to arrange sperm into groups according to morphological changes in the sperm head membranes and the acrosome (Bwanga, Ekwall, & Rodriguez-Martinez, 1991; Krogenaes, Andersen, Hafne, & Engeland, 1994; Lopez, Söderquist, & RodriguezMartinez, 1999; Nishizono, Shioda, Takeo, Irie, & Nakagata, 2004; Okada et al., 2001; Pivko et al., 2009; Sa-Ardrit et al., 2006) . On the basis of plasma membrane appearance, the evaluated chicken sperm were divided into three classes (I, II and III) according to their status and severity of their damage. In the FRESH control group, mostly (87%) intact plasma membranes or slightly waved membranes in the post-acrosome area (I class; Figure 1a ) were observed. Slightly waved membranes can be caused by electron microscopy preparation procedure (sperm washing, fixation), which is always connected with little changes in the osmotic pressure. Osmotic stress is considered to be the most important factor causing damage to the spermatozoa, particularly in their membranes (plasma and organelle membranes; Peña et al., 2011) . These slight changes cannot be primarily attributed to cryoinjury. Freezing/thawing significantly impairs status of plasma membranes regardless of the CPA used. In our study, freezing resulted in a significant increase in sperm numbers categorized to classes II and III with slightly or markedly impaired plasma membrane, respectively (Figure 1b,c) .
Trehalose was earlier successfully used for turkey and chicken semen cryopreservation (Blanco, Long, Gee, Wildt, & Donoghue, 2011; El-Sheshtawy, Sisy, & El-Nattat, 2015; Mosca et al., 2016) .
According to our ultrastructure results, the use of trehalose can be more beneficial for plasma membrane during chicken sperm cryopreservation. On the other hand, fluorescence staining (Yo-PRO-1),
which evaluated apoptotic changes, shows no beneficial effect of trehalose addition, while according to the results, the action of glycine was significantly higher (Table 1) . Moreover, from the motility evaluation perspective, the addition of trehalose decreased the post-thaw motility of rooster semen compared to EG alone (Miranda et al., 2018) . It seems important that, when assessing the suitability of the CPA for sperm cryopreservation procedure of a given species, it is necessary to strictly consider the suitability of the evaluated parameter, because the different evaluated parameters may show contradictory results.
The largest part of the evaluated sperm, frozen without the non-permeating cryoprotectant, KEG group, as well as the KEG-GLY group frozen sperm, showed severe plasma membranes damage (49% and 52%, respectively in III class). In this group, plasma membrane partially or totally detaches from the sperm head.
Transmission electron microscopy observations revealed that with exposure to severe hypotonic stress, the sperm plasmalemma detaches from the sperm head (Gonzalez-Fernandez, Morrell, Pena, & Macias-Garcia, 2012). The same damage can be caused by cryopreservation, because cells are exposed to severe osmotic stress during freezing and thawing (Sieme et al., 2015) . This occurs with addition and removal of cryoprotective agents, as well as during freezing and thawing. Sperm are exposed to hypertonic conditions upon extracellular ice formation, because the solute concentration in the extracellular unfrozen fraction increases. This results in cellular dehydration due to water transport out of the cell to retain equilibrium between the intra-and extracellular solute concentrations. During thawing, the reverse process takes place, and sperm are exposed to hypotonic conditions resulting in water uptake and swelling (Pegg, 2007) .
In sperm with extensively damaged membranes (III class), acrosome damage was most pronounced. Its status and impairment of acrosome function play a significant role in reducing fertilization ability (Mocé et al., 2010) . The acrosome reaction is a process that sperm must undergo to penetrate the oocyte. In birds, spermatozoa undergo the acrosome reaction in contact to the inner perivitelline layer of egg, and capacitation process is not a prerequisite to acrosome reaction in the chicken in opposite to mammals (Lemoine, Grasseau, Brillard, & Blesbois, 2008) . In mammals, cooled and rewarmed spermatozoa behave as if they were capacitated, which may lead to pseudo-acrosomal reaction (Watson, 1995 and, as a consequence, decline fertilizing capacity of (mammalian) sperm (Pivko et al., 2009 ).
We did not find any visible damages to the acrosome membrane or the release of acrosomal content in the frozen/thawed chicken sperm, even when the acrosomes were totally detached from the sperm head (Figure 3c ). This is justified by the known differences between the mammalian and poultry sperm. But in many cases, we found acrosomes detached from the sperm head. Some sperm showed only lighten (probably loss) the substance around the perforatorium (Figure 3d) . In other cases, such lightning was accompanied by a slight shift of acrosome and increasing the gap between perforatorium and acrosome (Figure 3a) . In the worst case, an acrosome was detached and the perforatorium remained completely uncovered (Figure 3b) . These changes are difficult to observe without electron microscope. Acrosome function or the ability of acrosome reaction in chicken sperm is usually detected by the sperm-egg penetration assay to demonstrate the number of sperm that passes through the oviduct and hydrolyses the ova perivitelline layer or by the in vitro acrosome reaction technique (Abouelezz et al., 2017; Lemoine et al., 2011; Mocé et al., 2010) . Mocé et al. (2010) described that addition of cryoprotectants to the rooster sperm may cause a dramatic decrease in the ability to undergo an acrosome reaction. Then cryopreservation only slightly decreased the ability to acrosome reaction, which was provoked by the contact with a cryoprotectant. It is not clear whether an inability of acrosome reaction is due to changes in acrosomal membranes or may be associated with the loss of acrosome, which has been observed.
From the results of Abouelezz et al. (2017) , the mechanical damage that occurred during the process of decreasing glycerol concentrations was more harmful to the rooster sperm fertilizing capacity and the sperm-egg perivitelline membrane penetration than the toxicity of other cryoprotectant and the freeze/thaw process. Earlier was reported that mechanical damage of poultry sperm can be caused mostly by centrifugation when a sperm pellet is formed at the bottom of the centrifuge tube. Centrifugation has been shown to be harmful to chicken sperm (Sexton, 1973) and centrifugation of turkey sperm to remove glycerol resulted in loose of acrosomes and ruptured cells, especially after freezing and thawing (Marquez & Ogasawara, 1977) . Bakst and Sexton (1979) earlier reported about the ultrastructure of cryopreserved chicken and turkey sperm. Besides plasma membrane damage and mitochondria swelling also acrosomal damages were revealed. They found that the acrosomes were completely absent in 10% of the frozen chicken spermatozoa.
According to our findings, approximately a third of the all evaluated sperm in the KEG group and a quarter in the KEG-GLY group (but only about 7% in the KEG-TRE group) lost the acrosome completely following the freezing process. In a large part of the sperm, the changes in the substance between perforatorium and acrosome were observed even though the acrosome was still present and plasma membranes were only slightly distorted (Figure 3d ; in II class quality 33%, 38% and 43% for KEG, KEG-GLY and KEG-TRE groups, respectively). Such damage can seriously impair fertility of cryopreserved semen. It is questionable to what extent such serious injuries in sperm can be revealed by other commonly used methods of viability evaluation.
In conclusion, we identified different classes of plasma membrane damages in cryopreserved chicken sperm using electron microscope. In sperm with extensively damaged membranes (III class), acrosome-sperm head junction disturbances was most pronounced.
According to our results, the use of trehalose, as a non-permeating cryoprotectant in combination with ethylene glycol, can be more beneficial for chicken sperm plasma membrane than the use of glycine. Observed loss of acrosomes from frozen sperm heads can be serious problem for fertilization ability of cryopreserved chicken semen. The extent of this acrosome loss can be probably influenced by a cryoprotectant used.
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